Abbreviations: bls, below land surface; MCL, maximum contaminant level; TMDL, total maximum daily load.
Abstract
Suburban land use is expanding in many parts of the United States and there is a need to better understand the potential water-quality impacts of this change. This study characterized groundwater quality in a sandy, water-table aquifer influenced by suburban development and compared the results to known patterns in water chemistry associated with natural, background conditions and agricultural effects. Samples for nutrients, major ions, and isotopes of N and O in NO 3 − were collected in 2011 beneath turfgrass from 29 shallow wells (median depth 3.7 m) and from 18 deeper wells (median depth 16.9 m) in a longterm suburban development. Nitrate (as N) concentrations in groundwater beneath turfgrass were highly variable (0. ). Isotopic data indicated denitrification; however, geochemical techniques were more helpful in identifying nitrate sources. Results indicate that suburban expansion into agricultural areas may significantly decrease overall nitrate concentrations in groundwater, but excessive turfgrass fertilization could result in localized contamination.
Suburban Groundwater Quality as Influenced by Turfgrass and Septic Sources, Delmarva Peninsula, USA Joshua W. Kasper,* Judith M. Denver, and Joanna K. York N itrogen (N) from nonpoint anthropogenic sources is one of the most widespread contaminants in groundwater (Dubrovsky et al., 2010; Hallberg and Keeney, 1993; Howarth et al., 1996; Vitousek et al., 1997) . The dominant nonpoint source of N in many areas is agricultural fertilizer and manure; other nonpoint sources include atmospheric deposition and sewage disposal (Ator et al., 2011; Howarth et al., 1996) . In sewered suburban areas, turfgrass fertilization may comprise the dominant source of N. Most N from nonpoint sources originates as organic forms or ammonium and is transformed to nitrate in the soil (Hallberg and Keeney, 1993) refers to the nitrate ion; in this paper, all laboratory analyses are for nitrate plus nitrite as elemental N, but the nitrite is assumed negligible, so the sum is simply referred to as nitrate). Where surficial sediments are predominantly sandy and permeable, such as in the coastal plain of the Delmarva Peninsula located in the mid-Atlantic region of the United States (Fig. 1a) , nitrate readily dissolves and moves with infiltrating rainfall into the groundwater where it can be intercepted by wells or travel to discharge areas in local streams and estuaries.
High concentrations of nitrate affect human health and the ecological condition of surface waters. Nitrate concentrations exceeded the USEPA maximum contaminant level (MCL) of 10 mg L −1 (as N) for drinking water in more than 20% of shallow (<30 m) domestic drinking water wells in agricultural areas across the United States (Dubrovsky et al., 2010; USEPA, 2011) . This is of particular concern because private domestic wells are commonly not subject to drinking-water regulations and, therefore, are infrequently sampled and analyzed (DeSimone, 2009) . Although concentrations of nitrate in surface waters seldom exceed drinking-water standards, they are commonly 2 to 10 times greater than USEPA regional nutrient criteria to protect aquatic life (Dubrovsky et al., 2010; USEPA, 2000) . In the United States, total maximum daily loads (TMDLs) have been established in areas where excessive delivery of nutrients and other contaminants has resulted in impaired water quality and ecological degradation of surface-water bodies (USEPA, 2012a). The USEPA's TMDLs require states and local governmental agencies to decrease or limit the total loads of contaminants to water bodies from both point and nonpoint sources to achieve water-quality standards (e.g., Delaware Department of Natural Resources and Environmental Control, 1998) . Groundwater discharge is the primary source of N to streams on the Delmarva Peninsula, providing as much as 70% of the N flux, predominantly as nitrate (Ator and Denver, 2012; Domagalski et al., 2008) .
It is challenging to track changes in concentration and geochemical processing of nitrate in subsurface groundwater before discharge in wells or to surface waters. Variations in nitrate concentration reflect past land uses with different sources of nitrate or different rates of application from the same source as well as differences in aquifer redox characteristics . Nitrate concentrations are highest in groundwater beneath agricultural land use and lowest in groundwater beneath forests (Ator, 2008; Dubrovsky et al., 2010; Nolan and Hitt, 2006) . Residential and urban areas can also have elevated nitrate concentrations in groundwater, but levels are generally lower than those beneath agricultural land use (Dubrovsky et al., 2010) . Nitrate in groundwater beneath dense unsewered suburban development on Long Island, NY, however, was not significantly lower than that beneath nearby agricultural land (Stackelberg, 1995) . Under oxic conditions, nitrate concentrations in groundwater vary over time and space because of variations in N inputs. In anoxic groundwater, nitrate may be reduced to N gas (N 2 ) via denitrification; this process may limit the occurrence of significant concentrations of nitrate to unconfined aquifers where oxic conditions are persistent. In many coastal areas, such as on the Delmarva Peninsula (Fig. 1a) where population is growing and suburban development is replacing forests and agriculture (Bason, 2011) , it is uncertain how nitrate concentrations in groundwater and, ultimately, surface water will likely change over time. There is a need to understand the potential waterquality impacts of these changes on drinking-water resources and aquatic ecosystem health. Use of nitrate concentration alone to determine sources can be appropriate when groundwater is monitored for nitrate immediately below the water table or in areas where only one land use has dominated the landscape for many decades. However, nitrate concentrations alone are often not sufficient for understanding the source of N because of the slow movement of groundwater, potential for redox changes over time in aquifers, and transport of ions from upgradient land uses to deeper depths in down-gradient parts of the groundwater system (Böhlke and Denver, 1995; Debrewer et al., 2008) .
Previous work has shown that multiple sources of data, for example, redox conditions, major-ion chemistry, and isotopic information, are necessary to more accurately determine N sources and the potential for transformations and losses of N during travel through an aquifer and into streams (Ator et al., 2005; Böhlke, 2002; Böhlke and Denver, 1995; Puckett, 2004; Tesoriero et al., 2009 (Denver, 1989; Hamilton et al., 1993 (Denver, 1989; Hamilton et al., 1993) . In contrast, the geochemical signature of groundwater beneath turfgrass in residential lawns has not been determined in this region. Furthermore, studies of nitrate loss from turfgrass management often involve controlled field experiments with vadose-zone monitoring (e.g., Easton and Petrovic, 2004; Frank et al., 2006; Frank, 2008; Geron et al., 1993; Guertal and Howe, 2012; Guillard and Kopp, 2004; Mangiafico and Guillard, 2006; Morton et al., 1988) . Survey data, however, suggest that actual suburban fertilizer usage may not be well represented by controlled studies and can be highly variable (Law et al., 2004) .
Stable isotopes have been widely used to determine sources and track transformations of N (Aravena et al., 1993; McClelland and Valiela, 1998; Kaushal et al., 2011; York et al., 2007) . For 
Isotopic signatures of O in NO 3
− range from −15 to 100‰, with higher values associated with atmospheric nitrate (Böhlke et al., 2009; Kendall, 1998) . In contrast, lower values are associated with biogenic nitrate, resulting from nitrification of ammonium to nitrate, typically using two O atoms from water and one from the atmosphere (Mayer et al., 2001) , and producing d
18
O values ranging from −15 to 10‰ (Böhlke, 2002 (Amberger and Schmidt, 1987; Böhlke, 2002; Böttcher et al., 1990; Kaushal et al., 2011) . In contrast, fixation of atmospheric N 2 results in little fractionation and the resulting N-bearing compounds carry d 15 N values within a few ‰ of their source (e.g., 0‰) (Böhlke et al., 2009; Kendall, 1998; Mayer et al., 2002) .
The objectives of this study were to (i) characterize groundwater quality beneath a suburban development with septic systems using geochemical and isotopic methods, (ii) compare the concentrations of nutrients (primarily nitrate), major ions, and the isotopes of N and O in NO 3 − from the suburban areas to natural groundwater and groundwater affected by agricultural land use, and (iii) identify geochemical patterns that can be used as indicators of suburban land use in a coastal plain setting. While extensive previous work in this area has described the chemistry of natural groundwater and groundwater impacted by agriculture, only limited work has been done to understand the impact of septic systems on N and other chemicals in groundwater and no work has been focused on the overall effects of turfgrass management in a residential development.
Materials and Methods

Description of Study Sites
Study sites correspond with a suburban development and a former agricultural area located in eastern Sussex County, DE, within the mid-Atlantic coastal plain (Fig. 1 ). Both sites are within the 847-km 2 Inland Bays watershed, an estuary of national significance in the United States (USEPA, 2012b; Fig. 1a ). Agriculture occupies almost one-third of the total watershed area and is currently the dominant land use; however, both agricultural and forested lands are rapidly being replaced by development. Between 1992 and 2007, for example, developed lands increased from 14 to 22% of the total watershed area with corresponding reductions in agricultural lands (from 36 to 32%) and forested lands (from 21 to 17%) (Bason, 2011) .
Soils at both study sites are primarily well-drained loamy sands with localized areas (<15%) of somewhat poorly-drained loamy sands, and restrictive features are generally >2 m in depth overall (USDA, 2014) . Parent soil materials generally consist of sandy eolian, marine, and (or) fluviomarine deposits (USDA, 2014).
These sandy, unconsolidated, and siliciclastic sediments belong primarily to the Beaverdam Formation and contain the bulk of the water-table aquifer (Ramsey, 2011; Andres and Klingbeil, 2006) . The thickness of the water-table aquifer ranges from ~30 to 50 m and the median transmissivity is 340 m 2 d −1 (Andres, 2006; Andres and Klingbeil, 2006) . Under normal hydrologic conditions, depth to the water table in most of Sussex County is <3 m below land surface (bls) and the overall mean is 2 m bls (Martin and Andres, 2008) . A shallow water table coupled with predominantly well-drained soils make the surficial aquifer highly susceptible to contamination. Precipitation averages 117 cm yr −1 and recharge to the surficial groundwater system is ~33 cm yr −1 ( Johnston, 1976) . Stream discharge is predominantly baseflow ( Johnston, 1976) . Flow-modeling results for the agricultural study site indicate groundwater residence times ranging from days to almost 100 yr with an arithmetic mean of 15 yr (Kasper et al., 2010) . Modeling results corroborate with Dunkle et al. (1993) , who reported groundwater ages at the agricultural site ranging from 1 yr to almost 30 yr based on chlorofluorocarbon data for 19 wells ranging from 4.6 to 31.1 m in depth.
The suburban study area, the primary focus of this study, is located on the northern bank of Guinea Creek, a tidal tributary of the Inland Bays ( Fig. 1 ). This site was established as a residential community in the 1970s. Beginning in at least the 1930s, and before residential development, land use was a mixture of agriculture (row crops and poultry production) and woodlands with agriculture historically most prevalent in the western half of the site. Considering the previously mentioned studies of groundwater age (Dunkle et al., 1993; Kasper et al., 2010) , past agricultural practices at the suburban site should no longer influence groundwater chemistry. At the time of study (2011), residences in this development were served by private wells and on-site septic systems that discharge to the vadose zone. Mature trees and woody vegetation are most prevalent in the eastern portion of the suburban study site, generally resulting in a small turfgrass footprint (mixed forest/turfgrass in Fig. 1b) . In contrast, there are less mature trees and woody vegetation in the western portion of the suburban study site, resulting in a large turfgrass footprint (predominantly turfgrass in Fig. 1b) . Overall, turfgrass management at the suburban study site was highly variable and ranged from virtually no management to intensive management with dedicated irrigation systems.
The agricultural study site, which is within 3 km of the suburban site, is located on the southern bank of Phillips Branch, a nontidal tributary of the Inland Bays (Fig. 1c) . This area was historically used for row-crop agriculture-primarily corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] grown on a rotating basis-and poultry production, and the effects of these practices on groundwater quality were studied extensively (Denver, 1989 (Denver, , 1993 Denver et al., 2010) . Historical data collected in 1999 from a network of monitoring wells previously installed at this site serve as a reference for agriculture impacts on groundwater quality.
Groundwater Sample Collection and Analysis
A total of 51 groundwater samples were collected during the spring of 2011 to characterize water quality in the unconfined, surficial aquifer at the suburban study site; this sample size is in agreement with USGS protocols used nationally for landuse studies (Gilliom et al., 1995) . Overall, 29 groundwater samples were collected from shallow, temporary wells (hereafter, shallow wells or samples) using a Geoprobe direct-push drilling rig (Geoprobe Systems) and 22 groundwater samples were collected from deeper, permanent, domestic drinking-water wells (hereafter, deep wells or samples). Shallow groundwater samples were collected beneath turfgrass at depths ranging from 2.4 to 9.1 m bls (median depth 3.7 m bls; Table 1 ); most of these samples (24) were collected immediately below the water table to characterize relatively young, recently recharged groundwater that is representative of local turfgrass management. The Geoprobe also was used to vertically profile shallow groundwater quality at three locations in the suburban development. Deep samples from drinking-water wells screened in the unconfined aquifer ranged from 7.6 to 24.4 m bls (median depth 16.9 m bls; Table 1 ) based on well records on file with the Delaware Department of Natural Resources and Environmental Control. The deep samples were collected to provide data representative of relatively older suburban groundwater and facilitate a threedimensional evaluation of groundwater quality. The database was augmented with 25 groundwater samples collected from monitoring wells at the agricultural study site in the late 1980s and 1990s that are representative of natural and agriculturally influenced water chemistry (Denver, 1989; Denver et al., 2010) . Data for the 19 agricultural site wells in Table 1 are from the five well clusters located at the core of that study site and most representative of agricultural influence; data for the two well clusters located at the western and eastern edge of the study site are included in geochemical analyses only (Fig. 1c) .
The Geoprobe groundwater-sampling apparatus included a ~1-m long stainless steel well screen encased in a 4-cm (1.625-in) diameter sampler sheath coupled with an expendable drive point. The sampling apparatus was advanced to the desired depth with the aid of the Geoprobe and drill rods. Extension rods were installed in the drill-rod annulus to hold the well screen in place while the drill rods were extracted thus exposing the well screen to formation water. Water-level measurements were recorded using an electronic meter. For shallow Geoprobe samples, the top of the well screen was generally established immediately below the water table. At groundwater profiling locations, the temporary well screen was advanced to total depth and sampling progressed at selected intervals in the direction of the water table. Profile Geoprobe samples always terminated with a shallow sample immediately below the water table.
Wells were purged and groundwater samples were collected using USGS protocols (Koterba et al., 1995) . Shallow wells were purged and sampled using a MasterFlex E/S peristaltic pump (Cole-Parmer) coupled with polyethylene tubing. Deep drinking-water wells were purged via dedicated pumps and sampled from raw-water spigots. At all groundwater-sampling sites, field measurements of pH, temperature, specific electrical conductance, and dissolved O were measured during well purging using a YSI 556 multi-probe system (YSI, Inc.). The USGS criteria (Koterba et al., 1995) were used to assess field parameter stabilization in purged groundwater before sample collection, which involved field filtration with 0.45-mm capsules. Major-ion and nutrient analyses were performed by the USGS laboratory in Denver, CO, following methods described in Fishman (1993) . Analyses of N and O isotopes in NO 3 − were conducted at the University of Delaware according to Sigman et al. (2001) and Casciotti et al. (2002) . Data analysis involved both statistical and graphical methods. Analysis of variance or ANOVA was used to test for statistical differences between population means (a = 0.05); nondetectable concentrations were assumed to equal one-half the laboratory detection limits for the purpose of this test. Kendall's tau-b was used to test correlation significance. Piper (1944) and Stiff (1951) diagrams were used to graphically analyze the majorion chemistry of groundwater samples. A nitrate threshold of 0.4 mg L −1 was used to differentiate between natural and anthropogenic groundwater quality; this threshold is based on a probability distribution of nitrate concentrations from 296 wells completed in the surficial aquifer on the Delmarva Peninsula . A dissolved O concentration of 0.5 mg L −1 was used to differentiate between oxic and anoxic groundwater (McMahon and Chapelle, 2008) . Samples were considered to be substantially influenced by saltwater if Cl , a typical value for mediumstrength domestic wastewater (Tchobanoglous et al., 2003) ; the data summary in Table 1 reflects the removal of high-Cl − samples. Silica concentrations at the suburban study site were used as a proxy of relative groundwater age based on corresponding silica concentrations and chlorofluorocarbon-derived age dates for the agricultural study site (Dunkle et al., 1993) .
Results and Discussion
Groundwater Geochemistry
Groundwater at the suburban study site is acidic and predominantly oxic (dissolved O ≥0.5 mg L (Table 1) , higher than the national median of 1.4 mg L −1 for urban areas (Dubrovsky et al., 2010) . In this area, nitrate from natural sources in precipitation and natural organic matter is less than 0.4 mg L −1 and specific conductance is less than 60 mS cm −1 based on previous studies Denver et al., 2010) . Two samples from shallow suburban wells had nitrate concentrations in excess of the USEPA MCL of 10 mg L −1
. These results indicate that most suburban groundwater samples for this study exhibit some anthropogenic influence, with several groundwater samples substantially affected by anthropogenic sources of N (Fig. 2a) . Compared to the agricultural site wells, however, nitrate concentrations in shallow suburban wells were significantly lower (p < .0001). Water samples from wells located in the predominantly turfgrass area had higher median concentrations of nitrate than the water from wells located in the mixed forest/turfgrass area, possibly due to larger areas of turfgrass in the western portion of the suburban study site (Fig. 1b, 2a) . Specific conductance and Cl − were highest in temporary wells in the eastern, mixed forest/turfgrass part of the site where the greatest potential for saltwater intrusion exists (Fig. 1b, 2b, 2c) . Some of the water samples from this area are probably still somewhat affected by saltwater even though we only considered samples with less than 50 mg L −1 of Cl − in most of the data analyses. At the adjacent agricultural study site, groundwater was also acidic and oxic, and the median concentration of nitrate was 16.9 mg L −1 and median specific conductance was 285 mS cm −1 (Table 1 , Fig.  2a, 2b) . Concentrations of ammonia, dissolved organic N, and orthophosphate were generally low in all groundwater samples, as is common in water under oxic conditions. Concentrations of silica and other ions present in aquifer sediments increase over time in the surficial aquifer as water travels through the groundwater system because of the dissolution of silicate minerals, including quartz and feldspars Tesoriero et al., 2005) . The shallow and deep suburban wells fall within separate groups based on concentrations of silica and well depth. The relative age of groundwater in these two groups was estimated based on comparison of previous agedating results to silica concentrations in groundwater from the adjacent agricultural study site to silica concentrations in groundwater from the suburban site (Fig. 3) . This comparison is possible because the overall ranges in well depth for both study sites are similar (Table 1) ; differences in median well depth are due to a disproportionate number of shallow Geoprobe samples at the suburban study site. The overall trend of increasing silica concentration with increasing well depth is clearly indicated at the Geoprobe profile locations (Fig.  3) . The shallow suburban well samples, which were collected at depths just below the water table, represent water that has recharged the aquifer from overlying land-use in less than 10 yr (with the exception of a few deeper profile samples). Most of the water from the deep suburban wells has estimated ages of greater than 10 yr. Water from these wells represents groundwater that has traveled along longer upgradient flow paths and also some water pulled from nearer the aquifer surface to well screens during pumping. Two "deep" wells plot with the shallow, young samples in Fig. 3 ; those drinking-water wells are located in the easternmost portion of the study site and are shallow out of necessity to avoid saltwater, which occurs at a shallower depth in this area than in other parts of the study area.
The chemical composition of water in the shallow and deep suburban well groups has consistent differences that may be related to differences in N sources. Water from the shallow wells had higher concentrations of ions that can be attributed to fertilizer sources, as might be expected with samples collected directly beneath turfgrass in lawns, relative to the deeper permanent wells. Median concentrations of calcium and magnesium, which come from lime, and potassium, from potash, are greater in water from the shallow wells than in the deep wells; median concentrations of nitrate are also somewhat higher (Table 1) . Iron and sulfate, which are applied to lawns with fertilizer (Landschoot, 2003) , are also substantially higher in water from the shallow wells than the deep wells (Table 1, Fig.  2e ). Concentrations of silica, which can be associated with the sources of water in the two groups of wells, were significantly negatively correlated with specific conductance and ions that are potentially components of fertilizer: Ca , and Mn 2+ (Kendall tau-b correlation coefficients; p < 0.04), indicating that the effect of turfgrass fertilization on groundwater chemistry is greatest in shallow water. Groundwater from the agricultural study site also has elevated concentrations of ions from applications of lime and fertilizer similar to those of water from the shallow suburban wells, although the concentrations are greater in the agricultural site wells, and the groundwater influenced by agriculture did not have high concentrations of dissolved Fe (Table 1) .
In contrast to the shallow suburban samples, groundwater from the deep wells has concentrations of Na + and Cl − that are proportionally higher than concentrations of ions from fertilizer components and very low concentrations of dissolved Fe (Table  1) . Other studies have shown that the presence of nitrate associated with Na + and Cl − is indicative of septic influence because of salt in the human diet (Denver, 1989) . This chemical pattern may indicate that a portion of the nitrate in groundwater from the deep wells is from septic-system effluent.
Ions contributed from different sources result in hydrochemical patterns that can be used as indicators of different land-use impacts on groundwater chemistry. In the absence of significant anthropogenic impacts, the major ions in groundwater from this area are typically Na + , Cl − , and HCO 3 − from precipitation and mineral dissolution, with low concentrations of nitrate (Fig. 4a) . Six groundwater samples collected at the suburban and agricultural study sites exhibited characteristics of natural water chemistry; four of those wells were deep, private wells from the mixed forest/turfgrass part of the suburban study site (Fig. 1b, 5a ). Patterns in groundwater chemistry from the deep wells most closely resemble natural water quality with increased concentrations of Na + , Cl − , and NO 3 − (Fig. 4b, 5b) , suggesting influences from septic-system effluent. In groundwater from agricultural sources (Fig. 4e, 5c ) the major ions are Ca 2+ and Mg 2+ (from lime), NO 3 − (from inorganic fertilizer and manure) and Cl − (from potash); SO 4 2− and K + (from inorganic fertilizer) are also elevated above natural levels. Water with high concentrations of nitrate and other fertilizer components plots near the top of the diamond in the trilinear diagram, while water with lower concentrations plots along a mixing line between the top of the diamond and natural water chemistry (Fig. 5c) . Many of the groundwater samples from shallow wells at the suburban site show a similar pattern in water chemistry to the agricultural site because of similar types of fertilizer application. However, there is a greater variability in both cations and anions in the shallow suburban wells than at the agricultural site and concentrations of sulfate are commonly greater than concentrations of Cl − (Fig. 4c, 5d ). This variability is not unexpected as water samples represent a variety of degrees of turfgrass management from unfertilized to highly managed irrigated lawns. Some of the groundwater from shallow suburban wells resembles a mixture of influences from turfgrass management and septic discharge or saltwater (Fig.  4d) . In addition, many of the shallow wells located in the mixed forest/turfgrass area of the suburban site, which is closest to the shoreline, are also apparently affected by saltwater and have higher concentrations of Na + and Cl − than water from parts of the site located farther from the shoreline (Fig. 2c, 5d) .
The presence of dissolved Fe in otherwise oxic groundwater from the shallow suburban wells appears to be an indicator of fertilization of turfgrass that distinguishes it from fertilization of agricultural fields and from septic system input as suggested by water chemistry in the deep wells (Fig. 2e) . Dissolved Fe concentrations in shallow suburban groundwater (n = 29) were significantly higher (p < .005) than concentrations from the agricultural site (n = 19). The high concentrations of dissolved Fe in oxic groundwater were unexpected as most dissolved Fe detected in groundwater is associated with anoxic aquifer conditions and the release of Fe bound to sediment grains (McMahon and Chapelle, 2008; Denver et al., 2004) . Iron is applied to turfgrass as a micronutrient to enhance the color of a lawn without stimulating excessive leaf growth (Landschoot, 2003) . The most common forms of Fe are inorganic Fe salts (i.e., ferrous sulfate, ferric sulfate, or ferrous ammonium sulfate), and organic Fe chelates. In chelated Fe sources, which are usually more efficient at supplying plants with Fe than the inorganic sources, Fe molecules are bound by a chelating agent such as ethylenediaminetetraacetic acid (EDTA), which makes Fe available for plant uptake (Landschoot, 2003) . Unchelated dissolved Fe is not generally mobile in well-drained soils and most is lost by binding with soil particles. It is therefore likely that the Fe measured in the shallow suburban well samples that were oxic was in a chelated form.
Nitrogen and Oxygen Isotopes of Nitrate
The isotopic values of O (d 18 O) in NO 3 − fell in a relatively narrow range, from −1 to +11‰ (Fig. 6) (Böhlke, 2002 ) from several sources including fertilizers, natural soils, and disposal − ranged from 0 to 17‰ (Fig. 6, 7) , and allowed for a differentiation of sources of nitrate more specifically than by concentration alone. A cluster The overlap between the isotopic values of NO 3 − emanating from natural groundwater and anthropogenically influenced groundwater is high (Fig. 6, 7) . It is therefore difficult to differentiate sources and degree of nitrate contamination by use of isotopes alone. However, our approach of measuring not just isotopic ratios of N and O in NO 3 − , but also concentrations of major ions, greatly added to the utility of the isotopic data.
Some of the samples show evidence of denitrification. First, the negative relationship between d These samples with low dissolved O concentrations may also represent the mixing of oxic and anoxic groundwaters, which had previously undergone considerable or little denitrification, respectively (Green et al., 2010; Tesoriero and Puckett, 2011) . Second, whereas the highest nitrate concentration was associated with a low d 15 N value (Fig. 7) O (Böhlke et al., 2009; Kendall, 1998 − for these data was 1.68 and is indicative of denitrification (Böhlke et al., 2009; Kendall, 1998; Kaushal et al., 2011) .
Profile (A-A¢)
Profile A-A¢ (Fig. 8) (Fig. 8) , similar to the signature resulting from agriculture (Fig. 4) . This agricultural-type geochemical signature is particularly pronounced at the shallow groundwater sampling location where nitrate was most elevated (22.27 mg L −1 ; Fig. 8 ). The effects of turfgrass management have apparently not reached the deeper wells used for potable supply with the exception of one sample of intermediate depth that appears to reflect a mixture of N sources. Most of the deeper groundwater samples appear to be influenced by septic-system effluent (Fig.  8) . The geochemical signature of those samples is similar to the natural groundwater signature, but with larger proportions of Na + , Cl − , and NO 3 − (see also Fig. 4 ). Although not shown in Fig. 8 , the deeper wells do not have appreciable dissolved Fe, in contrast to the shallow wells. Deeper groundwater at the suburban study site may be more profoundly influenced by septic-system effluent because, relative to the high variability in turfgrass management, it is likely a more constant and consistent source and, because the septic systems discharge to the vadose zone, less subject to seasonal variability.
Conclusions
The results of this study provide insight into the geochemical and isotopic signatures related to nonpoint source N in suburban groundwater. This study also quantifies N from this land use to address implications for future groundwater and, by extension, surface-water quality. Although the area of investigation was a well-drained region of the mid-Atlantic coastal plain, the results are transferrable to similar hydrogeologic settings comprised of siliciclastic, water-table aquifers.
Results suggest that relatively low N concentrations in suburban groundwater may be expected overall. Elevated nitrate concentrations (>10 mg L −1 ) beneath turfgrass can occur, however, indicating there is a role for educating the public about potential water-quality impacts from suburban turfgrass management. Graphical techniques involving major-ion chemistry (Piper, 1944; Stiff, 1951) provided the least ambiguous information about N sources. These techniques work well where natural groundwater is dilute and ions from anthropogenic sources dominate water chemistry. Three main water types were identified: natural groundwater (Na ) N sources. The lattermost pattern is similar to agricultural effects, but significantly higher (p < .005) dissolved Fe concentrations in shallow, oxic suburban groundwater served as a distinguishing factor. The dissolved Fe was attributed to chelated Fe in turfgrass fertilizers and, therefore, may serve as a tracer of turfgrass impacts.
